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Background:Abdominal aortic aneurysms (AAA) are at risk of rupture when the internal load (blood pressure) exceeds the
aneurysm wall strength. Generally, the maximal diameter of the aneurysm is used as a predictor of rupture; however,
biomechanical properties may be a better predictor than the maximal diameter. Compliance and distensibility are two
biomechanical properties that can be determined from the pressure-volume relationship of the aneurysm. This study
determined the compliance and distensibility of the AAA by simultaneous instantaneous pressure and volume measure-
ments; as a secondary goal, the influence of direct and indirect pressure measurements was compared.
Methods: Ten men (aged 73.6  6.4 years) with an infrarenal AAA were studied. Three-dimensional balanced turbo field
echo (3D B-TFE) images were acquired with noncontrast-enhanced magnetic resonance imaging (MRI) for the aortic
region proximal to the renal arteries until just beyond the bifurcation. Volume changes were extracted from the
electrocardiogram-triggered 3D B-TFE MRI images using dedicated prototype software. Pressure was measured
simultaneously within the AAA using a fluid-filled pigtail catheter. Noninvasive brachial cuff measurements were also
acquired before and after the imaging sequence simultaneously with the invasive pressure measurement to investigate
agreement between the techniques. Compliance was calculated as the slope of the best linear fit through the pressure
volume data points. Distensibility was calculated by dividing the compliance by the diastolic aneurysmal volume. Young’s
moduli were estimated from the compliance data.
Results: The AAA maximal diameter was 5.8 0.6 cm. A strong linear relation between the pressure and volume data was
found. Distensibility was 1.8  0.7  103 kPa1. Average compliance was 0.31  0.15 mL/kPa with accompanying
estimates for Young’s moduli of 9.0 2.5 MPa. Brachial cuff measurements demonstrated an underestimation of 5% for
systolic (P < .001) and an overestimation of 12% for diastolic blood pressure (P < .001) compared with the pressure
measured within the aneurysm.
Conclusion: Distensibility and compliance of the wall of the aneurysm were determined in humans by simultaneous
intra-aneurysmal pressure and volume measurements. A strong linear relationship existed between the intra-aneurysmal
pressure and the volume change of the AAA. Brachial cuff measurements were significantly different compared with
invasive intra-aneurysmal measurements. Consequently, no absolute distensibility values can be determined nonin-
vasively. However, because of a constant and predictable difference between directly and indirectly derived blood
pressures, MRI-based monitoring of aneurysmal distensibility may serve the online rupture risk during follow-up of
aneurysms. ( J Vasc Surg 2008;48:1401-7.)The rupture rate associated with abdominal aortic an-
eurysms (AAAs) 5.5 cm has been shown to be 1% per
year.1 However, it has also been reported that 5% to 10% of
the ruptured AAAs have smaller diameters than this crite-
rion.2 Conversely, many AAAs larger than this cut-off value
will not rupture within the patient’s life time.3,4 In an
attempt to develop a method to better predict the risk of
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Compliance is a biomechanical characteristic of the
vessel that is defined as volume change resulting from
change in intravascular pressure (Equation 1). A vessel is
defined as distensible or compliant when a small change in
pressure translates into a large volume change. Several
diseases that are characterized by degradation processes of
the vessel wall, for example Marfan disease or atherosclero-
sis, are associated with changes in compliance.5,6 More-
over, a tendency toward an increase in distensibility in
patients who experience rupture has been demonstrated.7
These data are supported by additional observations of
lower tensile strength in AAAs operated on for rupture
compared with nonruptured AAAs.8 These observations
emphasize the need for a method to monitor the biome-
chanical status of the aneurysmal wall during follow-up in
vivo, in addition to regular assessment of the maximal
diameter.
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sectional area or diameter of the vessel is frequently deter-
mined and compliance is calculated per unit length.5,9 Also
pressure-strain elastic modulus (Ep) is often used as a
biomechanical property of the wall.9,10 These assessments
lack, however, information of the target vessel as a whole
and focus on changes in maximal diameter or cross-
sectional area only.7,11-13 These studies usually assess blood
pressure by brachial cuff measurement or by plethysmogra-
phy. These techniques measure pressure remote from the
area of interest and often relate to the pressure in the
ascending thoracic rather than in the abdominal aorta.14 It
is not precisely known how such peripheral pressures ap-
proximate the true intra-aneurysmal pressure and whether
reflections of pressure waves at the aneurysm and the aortic
bifurcation may influence the measurement.
In this study we determined volume changes of the
AAA through the cardiac cycle simultaneously with inva-
sively measured intra-aortic pressures within the AAA.
Pressure-volume relations and subsequently distensibility
and compliance of the AAA were determined from dynamic
MRI and intra-arterial pressure data. To our knowledge,
this is the first study in which compliance and distensibility
of an AAA were determined from simultaneously measured
intra-aneurysmal pressure and volume change in humans.
Whether brachial pressures can be used to replace intra-
aneurysmal measurements was studied as a secondary goal.
METHODS
Study population. The study included 10 patients
who had an indication for repair of their infrarenal AAA
either by endovascular stent grafting or open surgical treat-
ment. Patients with contraindications for magnetic reso-
nance imaging (MRI), cardiac arrhythmia, and obstructed
iliac arteries were excluded from this assessment. The
Catharina Hospital Institutional Review Board approved
the study, and written informed consent was obtained from
all participating patients before enrollment in the study.
Magnetic resonance imaging. The MRI investiga-
tions were performed on a Gyroscan Intera 1.5-Tesla MR
scanner (Rel. 10.4; Philips Medical Systems, Best, The
Netherlands). The scanning area was defined as the area
proximal to the renal arteries until just beyond the bifurca-
tion. Three-dimensional balanced turbo field echo (3D
B-TFE) images were acquired for 50 slices with an over-
lap of 3 mm. Images were acquired for 15 cardiac phases
(SENSE cardiac coil, echo time/repetition time, 2.14/
4.28 milliseconds; flip angle, 50°; field of view, 300 mm,
voxel dimensions, 1.2  1.2  6 mm; slice gap, 0 mm; no
breath-holding, noncontrast enhanced). Images were
stored and analyzed offline for volume changes and calcu-
lating biomechanical properties.
Pressure measurement. Pressure measurement was
performed by a multihole 6F fluid-filled diagnostic pigtail
catheter (Cordis, Johnson & Johnson, Miami, Fla) con-
nected to a disposable pressure transducer (Becton, Dick-
inson and Co, Franklin Lakes, NJ). The catheter was intro-
duced through a femoral artery after the administration of5000 IU of heparin. The tip of the catheter was placed in
the AAA halfway between the renal arteries and the iliac
bifurcation. Small injections of contrast were used to verify
the correct position fluoroscopically. Subsequently, the
catheter was connected to the pressure transducer. An
MRI-compatible flush system was used to prevent clotting
of blood in the catheter during image acquisition.
An extended electric cable was used to connect the
pressure transducer to a pressure recording interface
(RADI Analyzer, RADI Medical Systems, Uppsala, Swe-
den) outside the MRI scanner room. Pressure was cali-
brated to open air. The pressure measurement setup was
tested extensively in vitro before usage, and errors were
5%. The MRI studies were acquired as will be described,
and the intra-aneurysmal pressure was recorded continu-
ously during the imaging sequence. Pressure measurements
were stored and analyzed offline.
Immediately before and after the imaging sequence,
the brachial artery blood pressure was measured with an
automated MRI-compatible sphygmomanometer (Magni-
tude 3150 MRI, Invivo Co, Orlando, Fla) determined
simultaneously with the continuously measured invasive
blood pressure. These measurements were repeated three
times for each patient. After the MRI protocol was com-
pleted, the pigtail catheter and the arterial sheath were
removed under fluoroscopic guidance and a pressure ban-
dage was applied.
The pressure corresponding to each cardiac phase was
determined by per-phase averaging of the directly mea-
sured pressure. Heart beats that deviated 20% compared
with the heart rate that was used as an input for the imaging
sequence were not included in the analysis of image recon-
struction and pressure measurements. Averaged invasively
measured systolic and diastolic pressures were compared
with the simultaneously measured noninvasive brachial ar-
tery blood pressures and represented in Bland-Altman
plots. A paired signed rank test was performed to compare
systolic and diastolic blood pressure values.
Detection of volume changes. Image postprocessing
was performed on slices ranging from just distal to the
lowest renal artery to just proximal to the aortic bifurcation.
Prototype software (Philips Healthcare, Best, The Neth-
erlands) based on an existing cardiac package was used to
detect volume changes of the aneurysm.15 The semiauto-
mated software required a manually drawn initial contour
of the cross section of the aneurysmal wall in each slice.
Subsequently, the contour was propagated automatically
through the cardiac phases. The catheter located in the
lumen did not influence the propagation. The resulting
contours of the different slices were multiplied by the slice
thickness, while taking overlap into account, to obtain
volumes and volume changes through the 15 cardiac
phases. In prestudy testing, interuser variability of this
technique was small (2.4%  4.7%).
Biomechanical properties of the AAA. For each pa-
tient, volume was plotted against pressure to obtain pres-
sure volume loops (Fig 1). When assuming small strains,
the volume and pressure data can be linearized as a first
t line
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was found with simple linear regression analysis (Matlab,
The Matwork Inc, Natick, Mass). Consequently, the slope
of the best fit represents the value for the compliance of the
AAA:
C
V
P
(1)
For estimation of Young’s modulus, we assumed a thin
walled cylinder with axial movement restraint at both ends.
The radius was chosen such that the diastolic volume of the
aneurysm equalled that of a cylinder with the same length.
From Laplace’s law, Young’s modulus (E) can be derived:
E
2V0Rav
h
(1 v2)
C
(2)
where Rav represents the radius of the cylinder (with dia-
stolic volume V0), h is the wall thickness,  is Poisson’s
ratio, and C is the compliance (in mL/kPa). When we
rewrite Equation 2, it should be clear that there is a relation
with Young’s modulus (E) we defined and the pressure-
strain elastic modulus (Ep) as defined by Peterson et al
10 in
terms of pressure differences and differences in diastolic
(D0) and maximal (Dmax) diameter:
E
Rav(1 v2)
h
P · V0
(Vmax V0)
is related to:
Ep
P · D0
(DmaxD0)
To compare biomechanical properties within and between
patients, it should be independent of the initial volume.
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Fig 1. Simultaneous pressure and volume registrations o
volume of the AAA is determined for 15 cardiac phases f
for the pressure (in kPa) within the aneurysm are determin
between the two variables is found. The slope of the besCompliance, however, increases for larger volumes. Disten-sibility (D) is a biomechanical property that takes the initial
volume of the AAA into account:
D
1
V0
V
P
(3)
where V0 is the diastolic volume of the AAA. Distensibility
is expressed in Pa–1. For these biomechanical parameters,
the pressures are expressed in Pa (100 mm Hg corresponds
to 13.33 kPa).
RESULTS
Baseline characteristics and clinical results. The 10
patients (all men) who participated in the study were an
average age of 73.6 6.4 (SD) years. The average maximal
diameter of the aneurysm was 5.8 0.6 cm. Three patients
were taking an antihypertensive medication. Instrumenta-
tion was uncomplicated in all patients, and no patients
experienced any adverse events. Blood pressure and heart
rate remained unchanged during the procedure. Eight
patients received an endovascular stent graft, and two pa-
tients underwent open surgery. The time from MRI until
surgery or stent graft placement was 22  12 days.
Aneurysmal volume change and biomechanical
properties. Volume change propagated during the cardiac
cycle resulted in an average volume change of 3.0 1.1 mL
for all patients. Diastolic and systolic volume data for each
patient are reported in Table I.
Compliance was determined as the slope of the best
linear fit (Fig 1). Values for the compliance of each patient
as well as a measure for the goodness of the fit (ie, correla-
tion coefficient) are summarized in Table II. Taking the
diastolic volumes into account, distensibility (D) was cal-
culated using Equation 3. The results are also presented in
Table II. Good linear fits were found for all but patients 6
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measurements from the cardiac phases 8 to 15 (declining
part) in both patients resulting from poor image quality due
to irregular heart beat and patient movement. Uncertainty
remains whether the AAAs of these patients show a linear
relation between pressure and volume. In retrospect,
these two patients did not completely satisfy the inclu-
sion criteria.
Because MRI fails to detect wall thickness, a value of 2
mm was assumed for calculation of Young’s moduli.16
Moreover, the wall was assumed to be incompressible ( 
0.5). Estimations for Young’s moduli ranged from 5.5 to
12.9 MPa. Values for each patient are presented in Table II.
Invasive and noninvasive blood pressure. The com-
parison of the invasively and noninvasively measured blood
pressure measurements is represented in Fig 2 using a
Bland-Altman plot. The average systolic blood pressure
measured with the brachial cuff underestimated the intra-
aneurysmal pressure measured by the pigtail catheter by 5%
(P  .001; Fig 2, A). For the diastolic blood pressure, the
average brachial measurement overestimated the invasively
recorded value by 12% (P  .001; Fig 2, B).
DISCUSSION
Distensibility and compliance of AAAs were deter-
mined in vivo for 10 patients by simultaneously measuring
pressure and volume changes of the AAA. A strong linear
Table I. Aneurysmal volume data
Patient Diastolic volume, mL Systolic volume, mL
1 129 133
2 211 215
3 182 185
4 110 111
5 172 175
6 230 234
7 154 156
8 207 211
9 193 196
10 126 127
Table II. Mechanical properties of the aneurysms
Patient D, 103 kPa1a C, mL/kPa R2 E, MPa
1 2.2 0.29 0.97 7.0
2 3.0 0.64 0.92 5.5
3 1.9 0.35 0.95 9.7
4 1.8 0.20 0.83 7.9
5 2.2 0.38 0.95 6.9
6 1.2 0.28 0.62 9.8
7 1.8 0.28 0.91 7.1
8 1.8 0.36 0.96 11.1
9 1.2 0.23 0.93 12.0
10 0.5 0.07 0.27 12.9
C, Compliance; D, distensibility; E, Young’s modulus.
a1 mm Hg corresponds to 0.13 kPa.relation exists between pressure and volume. To our knowl-edge, this is the first study to calculate AAA distensibility
and compliance in vivo from volume changes and simulta-
neously invasively measured pressure within the AAA.
In clinical practice the maximal aortic diameter is the
main determinant for decision making with respect to
treatment of AAA. By convention, all AAAs with a
diameter of 5.5 cm are defined as small. Results of two
randomized trials have shown equal efficacy of early
intervention compared with watchful waiting until aneu-
rysm growth or symptoms occur.17,18 This does not
resolve the problem that small aneurysms also may rup-
ture. Of all ruptured aneurysms, 5% to 10% have a
maximal diameter of 5.5 cm2.
It seems plausible that other relevant factors will be
associated with the risk of rupture than maximal aneurysmal
diameter alone. The conventional diameter criterion for
active treatment disregards the importance of factors that
determine the wall strength. Distensibility is a complemen-
tary parameter to the maximum aneurysmal diameter that is
associated with an increased risk of rupture, as was sug-
gested by Wilson et al.7 These authors, using an echo
tracking technique to assess pulsatile diameter change of
the aneurysm, demonstrated that there was a tendency
toward increased values of distensibility in patients whose
AAA ruptured. The increased distensibility indicates that
the vessel wall is less stiff and may be more prone to rupture.
These findings are supported by data from tensile tests on
excised wall segments of electively operated on AAAs and
ruptured AAAs.8 These ex vivo studies observed that tissue
from ruptured AAAs was less stiff and the tensile strength
was lower compared with electively operated on AAAs. It is
notable that the examined tissue samples were all taken
from the anterior wall and not necessarily from the site of
rupture. These findings indicated that the entire aneurysm
is affected by a similar degree of degeneration that results in
the weakening of the wall. However, the cause of this
pathologic process remains unclear.
Strictly speaking, volume changes should be deter-
mined instead of changes in cross section (or diameter) at
the maximal diameter of the aneurysm; for distensibility
and compliance measurements, after all, the degenerative
process affects the entire aneurysm and arterial vasculature,
and looking for wall characteristic that reflects the overall
condition of the aneurysm seems a more logic approach.
Notwithstanding the strong correlation with rupture risk,
maximal diameter does not necessarily indicate the site of
rupture.19
Currently, we favor on theoretic grounds the assess-
ment of volume changes rather than diameter recordings.
We calculated distensibility as the slope of the best linear fit
through the pressure data and the data on volume change
of the AAA, while taking the initial volume of the AAA into
account. This method meets our views in that biomechani-
cal information of the wall of the entire aneurysm, rather
than the portion restricted to the maximal diameter, needs
to be taken into account. To compare our data with other
studies, distensibility or compliance by changes in cross-
l cuff
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leads to values in the same range (Table III).
An important finding of our study is the strong linear
relation between the volume and pressure changes for all
but two patients (Fig 1; Table II). Owing to this linear
relationship, it would be sufficient to obtain an accurate
systolic and diastolic blood pressure value rather than a
Table III. Biomechanical properties based on changes in
cross-sectional area
Our study Others
3.2  1.1/mm Hg 4.0  0.9/mm Hga
2  0.5  106 Pa1 6  5  106 Pa1b
aValues based on Vorp et al.13
bValues based on Ganten et al.12
100 110 120
-50
-25
0
25
50
Average of non-i
R
e
l d
iff
 
[no
n
in
v
 B
P 
a
n
d 
in
v
 B
P]
 
[%
]
Bland Altman relative d
A 
60 65 70
-50
-25
0
25
50
Average of non-i
R
el
 
di
ff 
[no
n
in
v
 
BP
 
a
n
d 
in
v
 
BP
] [%
]
Bland Altman relative d
B 
Fig 2. Bland-Altman plots for the (A) systolic and (B)
relative difference between the distant noninvasive brach
pressure measurement is plotted against the average of
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diastolic pressure is overestimated by 12% by the brachiacomplete phasic pressure curve to calculate the distensibil-ity of an AAA. Corresponding volume data can then simply
be scaled with the diastolic and systolic pressure values. If
pressure data can be obtained noninvasively in an accurate
way, even absolute values for the biomechanical properties
of the wall of the aneurysm can be calculated and may be
used in patient-specific wall stress analyses.
Rupture risk predictions based on patient specific wall
stress analyses require absolute values for load and biome-
chanical properties as well as an accurate geometry of the
aneurysm.20 Risk stratification based on such analyses dem-
onstrated superior results compared with predictions of
rupture on diameter information alone.21 We calculated
Young’s moduli from the measured compliances. Our val-
ues (Table II) are on the same order of magnitude as those
found by Di Martino et al8 for the tangential modulus
corresponding to a pressure of 100 mm Hg; however, our
values are three to four times as high. An explanation for
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made during these tests to approach the biologic environ-
ment, the effects of the bench test situation on the material
properties compared with the in vivo situation are un-
known. Another reason why our obtained values for
Young’s modulus were higher compared with the ex vivo
tensile test is a different estimate of wall thickness.
Because we were unable to quantify the wall thickness
on MRI, we assumed a value of 2 mm for our calculations,
whereas Di Martino et al8 reported values of 1.5 to 5 mm.
Although our assumption was based on previous wall thick-
ness measurements in the aneurysmal neck,16 the possibil-
ity exists that we underestimated this value, which can
explain a difference by a factor two to three in the estima-
tion of Young’s modulus. At the current time, we are
confident that the technique we used provides a reasonable
estimate for Young’s moduli in vivo.
As a secondary goal, we compared the invasively mea-
sured intra-aneurysmal pressure with noninvasively mea-
sured brachial cuff measurements to examine agreement
between the two techniques. Our data suggested that bra-
chial arm cuff measurements underestimate the intra-
aneurysmal blood pressure by 5%, whereas diastolic blood
pressure is overestimated by 12% compared with the inva-
sively measured pressure. Several other noninvasive tech-
niques that measure blood pressure show that the diastolic
value does not change substantially through the arterial
system.14,22 However, because most of these techniques
are not validated for pressure estimation within AAAs,
pressure values based on these commonly used techniques
might not be as accurate in the patient with an AAA.
Our noninvasive blood pressure data overestimate dis-
tensibility and compliance if absolute values are of interest.
However, for distensibility-based rupture risk stratification,
no absolute values but, rather, changes over time appear
useful.22 Owing to the linear relationship observed be-
tween pressure and volume change, the combination of
volume change measurements by MRI and pressure assess-
ment by brachial sphygmomanometer measurements en-
ables noninvasive compliance determination in vivo. Al-
though no absolute values for distensibility can be found
this way, this technique can easily be applied in clinical
practice and has the potential to be a useful method to
monitor by repetitive examinations during follow-up the
risk of rupture as a complementary method to diameter
assessment.
The method we used to detect volume change does not
take longitudinal motion of the AAA into account. Out-of-
plane motion of the AAA might appear as in-plane defor-
mation and will therefore translate into volume change,
especially when the AAA is tortuous. Because none of the
patients in our study had tortuous AAAs, we assumed that
this effect was negligible in this study. A segmentation
technique that includes tracking of vessel landmarks, pro-
vided that through-plane resolution is sufficiently small,
may solve this problem. A 3D segmentation technique such
as described by Wentz et al23 might form the basis for such
software developments.We assumed a uniform wall thickness of 2 mm to
estimate Young’s modulus. Although this is an accepted
assumption in the literature on wall stress analyses,24,25 in
reality wall thickness varies within and among aneurysms of
patients. Within this field, uniform wall properties is an
accepted assumption as well. Local wall properties would
be of interest from a mechanical point of view. To calculate
local wall properties, at least local wall thickness should be
available. The determination of local wall thickness, how-
ever, remains a challenge for all current imaging methods.
This series is not large enough to determine population
estimates of biomechanical parameters or find correlations
with known risk factors. However, we believe that our
study opens the perspective on an entirely noninvasive
assessment using dynamic MRI and brachial pressures.
Moreover, our method incorporates distensibility/compli-
ance information derived from the aneurysm as a whole
rather than from a single cross section. This concept, when
validated in a larger study, may ultimately evolve as a
method of substantial clinical value for individual patient
monitoring.
CONCLUSION
For the first time, distensibility and compliance of the
wall of the aneurysm were determined in humans by simul-
taneous intra-aneurysmal pressure and volume measure-
ments. We observed a strong linear relationship between
the intra-aneurysmal pressure and the volume change of the
AAA. Furthermore, brachial cuff measurements were dif-
ferent compared with the invasive measurements within the
aneurysm. Therefore, noninvasive measurements can only
be used to obtain a relative parameter rather than absolute
values for distensibility. MRI-based monitoring of this
biomechanical parameter may become useful for online
rupture risk assessment and follow-up of aneurysms in
combination with brachial pressure measurements.
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